high slope reveals that the samples under N 2 O treatment give a relative-large value of J p as compared to those for the samples activated in N2 and O2. This may be due to the large amount of Si-interstitial and the relative-large sidewall area in the N 2 O-activated junctions. Nevertheless the measured leakage current densities are almost similar on the same order (2-20 nA/cm 2 ) and they are rather small enough in the acceptable region. Therefore it is strongly proposed that RTP activation in N2O give promise of a superior way to fabricate deep wells.
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IV. CONCLUSION
The apparent enhancement of boron diffusion is observed for the samples activated in N2O. By analyzing the FTIR spectra, the reason for dramatic diffusion of boron in silicon was attributed to NO due to the decomposition of N2O. In addition to the enhanced diffusion of boron, the thermal stability of CoSi 2 films was also greatly improved by the N 2 O treatment.
I. INTRODUCTION
The trend toward combining logic circuits and different memory elements in one chip and/or accommodating different supply voltages underscores the need for growing multiple gate oxide thicknesses on the same wafer [1] . The conventional process of forming multiplethickness gate oxides uses a selective oxide etch-back step in between two oxidation steps. This method introduces photoresist just before the second oxidation step and raises concerns about cleanliness and defects in the gate oxide. Alternatively, nitrogen implantation into the silicon substrate before gate oxidation has been demonstrated to reduce the thermal oxidation rate [2] . However, others report that the reliability of the gate oxide grown over nitrogen-implanted Si is significantly compromised [3] .
Previous studies of the formation of thick gate oxides (>100 Å) using large implanted doses of oxygen (1 2 show that severe damage occurs in the substrate, casting oxygen implantation as an unsuitable technique for forming gate oxides [4] , [5] . Due to transistor scaling, however, the gate oxide thickness difference required for next-generation integrated systems can be less than 100 Å [6] . As a result, the oxygen implant dose can be quite reasonable (<10 16 cm 02 ).
A new method of growing multiple-thickness gate oxides using masked oxygen implantation for sub-5-nm oxide technologies is proposed in this study. Increases in oxide thickness of up to 20 Å have been achieved without degrading the oxide and interface quality. In addition, transistor characteristics for oxygen-implanted gate oxides were investigated and compared to those with conventionally grown thermal oxides. Various implant energies, sacrificial oxide thicknesses, and annealing conditions were used to study their effect on transistor performance.
II. DEVICE FABRICATION
A sacrificial oxide ranging from 100 to 500 Å was grown first after device isolation. The area where thinner gate oxide is desired was then 
III. OXIDE AND TRANSISTOR CHARACTERISTICS
In Figs. 1-3 , the devices were annealed at 500 C for 2 h following the oxygen implant. The physical gate oxide thicknesses were extracted by comparing the measured tunneling current with the theoretical tunneling current [7] and confirmed in Fig. 1 by matching the measured high frequency PMOS CV data with simulated curves obtained using a one-dimensional (1-D) self-consistent Schrödinger and Poisson equation solver [8] . As the oxygen implant dose increases, it is found that the effective substrate doping, and thus jV t j, also rises as a result of thermal donor generation from excess oxygen [9] and transient enhanced dopant diffusion in the channel due to implant damage [10] . Fortunately, these effects are reduced by optimizing anneal conditions as described in the following section.
No degradation in subthreshold swing or excessive gate-induced drain leakage was observed in oxygen-implanted devices as compared to transistors fabricated with the conventionally grown gate oxides. Good agreement between the measured CV and IV data with theory was also found for NMOS devices. For example, the NMOS IV charactersistics shown in Fig. 2 and mobility curves in Fig. 3 indicate that neither the interface nor bulk properties of the oxide were compromised by the oxygen implant.
The breakdown voltages of oxides formed with oxygen implantation show less than a 9% degradation compared to those of control oxides. In other words, the oxygen-implanted oxides have a slightly lower VBD than control samples, but are still comparable. Oxide reliability was also evaluated by charge-to-breakdown (Q BD ) measurements on 40 m 2 40 m capacitors. For example, the integrity of a set of 30/50 Å oxides on a wafer grown by oxygen implant was compared to those formed with nitrogen implantation. We found that the oxygen-implanted 50 Å oxide has a Q BD comparable to that of the thermally grown 50 Å control oxide. In contrast, the nitrogen-implanted 30 Å oxide has a Q BD that is 10 times smaller than a thermally grown 30 Å oxide.
IV. EFFECT OF IMPLANT AND ANNEAL CONDITIONS
The implant and annealing conditions employed in preparing multiple gate oxide thicknesses have a significant effect on the transistor characteristics. To investigate this problem, NMOS samples were prepared with sacrificial oxide thicknesses of 100, 200, and 500 Å, oxygen implant energies of 10 and 20 keV, and annealing temperatures at 500, 550, and 600 C for 10 h, 6 h, and 4 h, respectively. In each experimental split, the implant dose was adjusted such that the dose actually incorporated into the silicon substrate was 5 210 15 cm 02 , resulting in the same final Tox of 30 Å.
It has been reported that damage from implantation causes the redistribution of channel dopants by enhancing diffusion [10] . We observed that the threshold voltage is higher for oxygen-implanted n-channel transistors with BF + 2 implanted channels, suggesting that enhanced boron diffusion toward the oxide interface occurs. When compared against transistors with thermally grown control oxides, VT shifts of up to .15 V were measured. This increase indicates the effect of oxygen thermal donors here is smaller than enhanced dopant diffusion since donors would reduce the effective channel doping, and hence VT , in an n-channel device. However, V T rises in our oxygen-implanted NMOS transistors, suggesting that the enhanced diffusion of boron to the surface plays a significant role in the threshold voltage change. Fortunately, the VT shift is reduced signficantly at higher implant energy and lower annealing temperatures since the smaller implant dose and temperature minimize the resulting damage and diffusion. Moreover, using a thicker sacrificial oxide reduces implant damage in the silicon substrate, resulting in less transient enhanced diffusion of boron to the surface and a smaller VT shift. For example, at an implant energy of 20 keV, anneal temperature of 550 C, and sacrificial oxide thickness of 500 Å, the V T shift reduces to 20 mV. These threshold shifts correlate directly to trends in the current drive as seen in Fig. 4 for V G 0 V T = V D = 2 V and W/L = 1 m/1 m. In addition, these conditions also affect the off-state drain-to-source leakage current in Fig. 5 . These leakage currents can rise dramatically for oxygen-implanted gate oxides, but are minimized for devices using thicker sacrificial oxides. The resulting trend in the subsurface leakage current between the drain and source corresponds directly to the enhanced diffusion of dopants toward the oxide interface.
V. CONCLUSION
A new multithickness gate oxide technology using oxygen implantation is proposed for sub-5-nm gate oxide CMOS technologies. Oxygenimplanted oxides have breakdown and mobility characteristics that are as good as thermally grown control oxides. When optimized implant and annealing conditions are employed in the process using thick sacrificial oxides, low annealing temperatures, and higher implant energies, the characteristics of transistors with oxygen-implanted oxide is very comparable to that for transistors with conventional thermally grown gate oxide.
